The common bed bug, Cimex lectularius L. (Hemiptera: Cimicidae), is an obligate hematophagous insect that has resurged worldwide since the early 2000s. Bed bug control is largely based on the widespread, intensive application of pyrethroid-based insecticide formulations, resulting in the emergence of insecticide-resistant bed bug populations. Insecticide resistance is frequently linked to metabolic detoxification enzymes such as cytochrome monooxygenase (P450s), esterases, glutathione S-tranferase, and carboxylesterase. Therefore, one way to overcome insecticide resistance could be the formulation of insecticides with synergists that counteract metabolic resistance. To test this hypothesis, we evaluated the impact of four synergists-piperonyl butoxide (PBO), diethyl maleate (DEM), S,S,S-tributyl phosphorotrithioate (DEF), and triphenyl phosphate (TPP)-on deltamethrin efficacy in two pyrethroid-resistant bed bug strains. A statistically significant difference in synergism ratios (SR) of a highly resistant field-derived strain (Jersey City, resistance ratio [RR] = 20,000) was noted when any of the four synergists (PBO SR = 20.5; DEM SR = 11.7; DEF SR = 102.3; and TPP SR = 9.7) were used with deltamethrin. In a less deltamethrin-resistant strain, Cincinnati (RR = 3,333), pretreatment with PBO and DEM significantly synergized deltamethrin (PBO SR = 158.8; DEM = 58.8), whereas application of DEF and TPP had no synergistic effect. The synergism data collected strongly suggest that detoxification enzymes play a significant role in the metabolic mechanisms that mediate deltamethrin resistance in bed bugs. The development and use of safe metabolic synergists that suppress detoxification enzymes offers an interesting avenue for the management of insecticide-resistant field populations.
Bed bugs, Cimex lectularius L. (Hemiptera: Cimicidae), are bloodfeeding insects that have recently undergone a worldwide resurgence (Boase 2001 , Doggett et al. 2004 , Potter 2006 , Masetti and Bruschi 2007 , Levy Bencheton et al. 2011 , causing public health problems in indoor environments. Although the presence of bed bugs has not been associated with the outbreak of diseases (Goddard and deShazo 2009) , these insects can exert adverse effects on health and quality of life, causing anxiety, agitation, stress, and sleeplessness in people who are repeatedly bitten . Bed bug bites can produce several clinical skin syndromes including severe bullous reactions that resemble the Churg-Strauss syndrome . Recently, the presence of bed bugs in homes has been associated with high levels of histamine, an emergent indoor contaminant that induces systemic reactions in sensitive individuals (DeVries et al. 2018) .
Application of insecticides-namely, pyrethroids, pyrroles, and neonicotinoids-is the most common method used for bed bug control (Sutherland et al. 2015 , Lee et al. 2018 . Because populations are commonly subjected to repeated application of insecticides, evolution of resistance to insecticides is the expected outcome , Dang et al. 2017 . Numerous reports indicate that pyrethroid resistance is present in bed bug populations in the United States (Romero et al. 2007 ), Europe (Durand et al. 2012) , Asia (Tawatsin et al. 2011) , and Australia (Dang et al. 2015) . A recent study reported high levels of resistance to neonicotinoids in bed bugs collected in Michigan and Cincinnati in the United States (Romero and Anderson 2016) . Although pyrethroid resistance is widespread in bed bug populations of the United States (Zhu et al. 2010) , the extent of neonicotinoid resistance is unknown. Monitoring the extent of resistance to common insecticides used for bed bug control and characterizing the mechanisms involved are necessary to provide guidelines for the management of resistance in field bed bug populations (Romero 2018) .
Multiple resistance mechanisms have been associated with the evolution of pyrethroid resistance in bed bugs, including reduced cuticular penetration (Adelman et al. 2011 , Koganemaru et al. 2013 ), target-site insensitivity (e.g., knockdown resistance, kdr-type; Yoon et al. 2008 , Zhu et al. 2010 , and metabolic resistance (e.g., cytochrome P450 monooxygenases, glutathione S-transferases (GST), carboxylesterases, and esterases; Adelman et al. 2011 , Bai et al. 2011 , Mamidala et al. 2012 . The involvement of detoxifying enzymes in insecticide resistance in bed bugs has been studied through molecular, biochemical, and synergist bioassays. In C. lectularius, deep-sequencing studies demonstrated that P450s, GST, and esterases were significantly overexpressed in pyrethroid-resistant bed bug strains when compared with gene expression of susceptible strains (Adelman et al. 2011 , Bai et al. 2011 , Mamidala et al. 2012 . Enzymatic activity assays also demonstrated elevated activity of these enzymes in bed bugs highly resistant to pyrethroids and neonicotinoids (Romero and Anderson 2016) . Insecticide synergists are a useful tool to investigate metabolic resistance because they specifically block the detoxification pathways of insecticides (Glynne-Jones 1998). Piperonyl butoxide (PBO), a P450 and esterase inhibitor, is a common synergist that has been used for decades not only to study metabolic resistance in arthropods but also to improve the efficacy of insecticides, particularly when problems of resistance have emerged (Glynne-Jones 1998 , Young et al. 2005 , Romero et al. 2009 ). Other synergists such as triphenyl phosphate (TPP), which inhibits carboxylesterases (Plapp et al. 1963) , diethyl maleate (DEM), which inhibits GST (Motoyama and Dauterman 1974) , and S,S,S-tributyl phosphorotrithioate (DEF), which inhibits esterases (Plapp et al. 1963) , are also used to determine whether metabolic resistance is present in arthropods and to increase the effectiveness of insecticides (Bernard and Philogène 1993, Chai and Lee 2010) .
A limited number of studies have used synergists to investigate metabolic resistance in bed bugs (Romero et al. 2009 , How and Lee 2011 , Hardstone et al. 2015 , Lilly et al. 2016 . Earlier work showed that PBO synergized deltamethrin in pyrethroid-resistant strains, but the level of synergism varied among strains (Romero et al. 2009 ). However, even with the addition of PBO, resistance to deltamethrin remained elevated relative to laboratory-susceptible bed bugs, indicating that other resistance mechanisms were associated (Romero et al. 2009 ). In the same study, the addition of a PBO improved the insecticidal activity of a deltamethrin-based formulation against a pyrethroid-resistant bed bug population (Romero et al. 2009 ). Recently, Lilly et al. (2016) used PBO and N16/5-1 (a PBO analogue) to demonstrate that P450s and esterases were associated with deltamethrin resistance in Australian strains of C. lectularius. To our knowledge, there is no information about the use of synergists to suppress GST and carboxylesterase activity in pyrethroid-resistant bed bug populations. The aim of this study was to determine the relative importance and contribution of different detoxification enzymes associated with the metabolism of pyrethroids in two pyrethroid-resistant bed bug populations.
Materials and Methods

Bed Bug Rearing
Three strains of bed bugs were used in all experiments: Jersey City, collected in 2008 in Jersey City, NJ; Cincinnati, collected in 2012 in Cincinnati, OH; and Fort-Dix collected in 1973 in Fort-Dix, NJ, by H. J. Harlan (Bartley and Harlan 1974) . The Fort-Dix strain has not been exposed to pesticides because it was collected in 1973 and was used in this study as a reference insecticide-susceptible strain. Bed bugs were maintained at 24°C, 65% relative humidity (RH), and a photoperiod of 14:10 (L:D) h. Insects were fed in the laboratory through a parafilm-membrane feeder with defibrinated rabbit blood which is heated to 37°C with a circulating water bath (Montes et al. 2002) .
Evaluations began 7-12 d after adult emergence, and insects were tested 3 d post-feeding.
Application of Synergists
Insects were placed in individual cells of 24-well cell culture plates (Corning Inc., Corning, NY) . The bottoms of the cells were covered with tightly fitting filter paper. Insects were temporarily immobilized by placing the plates on ice for 5 min. Adults (1:1 sex ratio; three replicates of 20 insects) were treated topically with a sublethal dose of either PBO, DEM, DEF, or TPP (Chem Services Inc., West Chester, PA). A previous toxicological screening bioassay with PBO, DEM, DEF, or TPP solution in acetone (50 µg/µl) utilizing the Fort-Dix colony demonstrated that there was no appreciable mortality (<5% mortality) across synergists when applied separately with no insecticide. Topical applications (1 µl) of each synergist were made onto the dorsal surface of the abdomen with a microapplicator (Hamilton Co., Reno, NV) equipped with a 25-µl glass syringe (Hamilton Co., Reno, NV).
Exposure to Deltamethrin
The range of concentrations of deltamethrin (99% purity; Chem Service, West Chester, PA) used on each strain was determined by preliminary screenings. In topical assays, an insecticide-acetone solution (1 µl) was applied onto the dorsal surface of the abdomen for each test insect with a micro-applicator. Deltamethrin concentrations ranged from 0.06 to 30 ng of active ingredient (AI) per insect for Fort-Dix and from 6 to 20,000 ng/insect for both Jersey City and Cincinnati. Control insect groups received acetone only. A pilot experiment showed that bed bugs topically exposed to TPP failed to respond in a dose-response manner to topical exposures of deltamethrin. Topical treatments of TPP followed by exposure of the insects to dry residues of deltamethrin consistently improved the linear doseresponse mortality curves. Therefore, we opted to expose bed bugs to deltamethrin with a dry residue assay when evaluating synergisms with TPP. Control insects received 1 µl of acetone alone. After treatment, insects were kept at 26°C for 2 h before deltamethrin exposure. Insects treated topically with TPP were transferred to individual wells containing deltamethrin-treated filter papers. Tested concentrations of deltamethrin for residual assays ranged from 0.000132 to 0.0132 µg/ cm 2 for Fort-Dix, from 1.32 to 1,320 µg/cm 2 for Jersey City, and from 13.2 to 1,320 µg/cm 2 for Cincinnati. An insecticide acetone solution (50 µl) was applied to each filter paper disc (Whatman No. 2; cut to 2.27 cm 2 [1.7 cm in diameter]). The disks were allowed to dry completely before being placed in the bottom of individual cells of 24-well cell culture plate. Control discs received acetone only. For each strain, the deltamethrin concentrations used in the synergist trials were the same as those in nonsynergist trials. Continuous exposure to the upper surface of the filter paper was ensured by the tight fit of the paper and by a Fluon AD-1 (polytetrafluoroethylene; Northern Products, Woonsocket, RI) coating on the walls of each cell that prevented individuals from climbing off the treated surface. Temperature was maintained at 26°C after initiation of the exposure. After 24-h exposure, mortality was assessed by gently touching each individual with entomological forceps and categorizing bed bugs as alive (coordinated avoidance movement) or dead (no response, usually on backs with no movement of any body parts).
Statistical Analysis
PoloSuite software (LeOra Software 2006, Berkeley, CA) was used for Probit analysis of dose-response data. Data and calculations of LD 50 values, resistant ratios (LD 50 of deltamethrin in resistant strain/LD 50 , of deltamethrin in susceptible strain), and synergism ratios (SR; LD 50 of insecticide alone/LD 50 of insecticide + synergist) were calculated for each strain. The effect of synergism was evaluated with SR because this parameter measures the significance of a specific enzyme inhibited by the synergist for the detoxification of the insecticide (Bernard and Philogène 1993) . The test of equality (estimates whether the slopes and intercepts of regression lines are the same) was performed as described by Robertson et al. (2007) . SR and their corresponding 95% confidential limits (CL) were also calculated using the lethal concentration ratio significance test. This method is more accurate because it uses estimates of the error to determine statistical significance between regression lines (Robertson et al. 2007 , He et al. 2014 . SR was considered significant (P = 0.05) if their 95% CL did not include the value of 1.0.
Results and Discussion
There was a marked difference in susceptibility to deltamethrin between the Fort-Dix strain and the two field strains, Jersey City and Cincinnati (Fig. 1, Table 1 ). At the highest dose of 30 ng/insect, the susceptible Fort-Dix colony suffered 95% mortality, whereas the highest dose used in the field-derived strains (20,000 ng/insect, 600 times higher) killed only 52 and 58% of the Jersey City and Cincinnati strains, respectively (Fig. 1) . The resistance ratio was 20,000 (95% CL = 9,730-112,083) and 3,333 (95% CL = 1.923-9,583) for Jersey City and Cincinnati strains, respectively. This result conforms with other published research that had reported high levels of pyrethroid resistance in C. lectularius field populations (Boase et al. 2006 , Romero et al. 2007 , Adelman et al. 2011 . Bed bugs possess various strategies to resist insecticides such as reduced cuticular penetration, reduced sensitivity of target site and metabolic resistance (Zhu et al. 2013) . Enzyme-mediated resistance to insecticides is a common resistance mechanism that often presents a challenge for insect control because these mechanisms can confer resistance across multiple insecticide groups (Wen and Scott 1997 , Mitchell et al. 2012 , Casida 2017 ). In the current study, we used synergists to determine the role of major detoxifying enzymes in deltamethrin resistance, hypothesizing that the resistance phenotype observed in these field strains may be mediated by multiple enzymatic mechanisms, as had been reported in other arthropods (Scott and Georghiou 1986, Chai and Lee 2010) . Elucidating the metabolic pathways responsible for pyrethroid resistance and formulating synergists with insecticides could be an effective way to increase the efficacy of insecticides (Bernard and Philogène 1993, Hardstone et al. 2015) , delay the onset of insecticide resistance in field populations (Scott 1990) , and suppress the selection of multiple insecticide resistance mechanisms involving detoxifying enzymes (Hardstone et al. 2015) .
We used four synergists (PBO, DEM, DEF, and TPP) to study the association of four major groups of detoxifying enzymes with deltamethrin resistance in bed bugs. Overall, probit regression curves for Jersey City and Cincinnati pretreated with synergists were shifted to higher doses of deltamethrin when compared with groups that were treated with deltamethrin only (Fig. 2) . To determine whether the shift of mortality in the dose-response curves for the field strains was caused by synergist treatment, we used the test of equality from the probit results of the susceptible Harlan strain. This test examines slopes and intercepts of the two regression lines, synergist treated and deltamethrin treated only, to establish whether they are different or not (Robertson et al. 2007 ). The test of equality showed that probit regression lines of the susceptible Fort-Dix with PBO, DEM, DEF, and TPP did not differ significantly from regression lines of bed bugs exposed to deltamethrin only (Tables 1 and 2). These results indicate that increased toxicity of deltamethrin observed in synergistpretreated insects in the field colonies was due solely to the effect of the synergists.
Analysis of SR and 95% CLs in assays with Jersey City and Cincinnati showed that pretreatment with the cytochrome P450 inhibitor PBO significantly increased deltamethrin toxicity in Jersey City (SR = 20.5) and Cincinnati (SR = 158.8; Table 1 ). These results confirm the role of cytochrome P450s in detoxifying deltamethrin in these two bed bug strains and are in agreement with results of specific-substrate studies where activity of cytochrome P450s was high in pyrethroid-resistant strains collected in the United States (Adelman et al. 2011, Romero and Anderson 2016) . Similarly, synergist studies with Australian C. lectularius strains also reported the association of the cytochrome P450-mediated detoxification of deltamethrin (Lilly et al. 2016 ). Gene expression and RNAi studies also revealed the association of at least four cytochrome P450s with the detoxification of pyrethroids in bed bugs (Adelman et al. 2011; Zhu et al. 2012 Zhu et al. , 2013 . The association of cytochrome P450 genes and other resistance-associated genes with pyrethroid resistance has been investigated in U.S. field-collected populations through the use of molecular markers (Mamidala et al. 2012 , Zhu et al. 2013 and with the advent of the recently published C. lectularius genome this type of investigations should be expedited (Benoit et al. 2016 , Rosenfeld et al. 2016 . From a practical perspective, the synergistic effect of PBO can be used to increase the effectiveness of insecticide formulations. Laboratory and field studies suggest that inclusion of synergized pyrethrins (Kicker, Bayer Environmental Science, Research Triangle Park, NC) can increase the efficacy of deltamethrin (Suspend SC, Bayer Environmental Science, Research Triangle Park, NC) against pyrethroid-resistant bed bugs (Barile et al. 2008 , Romero et al. 2009 ).
Pretreatment with DEM, a GST inhibitor, resulted in increased susceptibility to deltamethrin (Fig. 2, Table 1 ). The calculated LD 50 values from DEM + deltamethrin in field strains were significantly reduced in comparison with those determined for the deltamethrin treatment alone for both Jersey City (SR = 11.7) and Cincinnati (SR = 58.8; Table 1 ). These results correspond with studies that report overexpression of GST genes in pyrethroid-resistant C. lectularius strains in the United States, indicating that these enzymes are an important route of detoxification of pyrethroids (Adelman et al. 2011 , Bai et al. 2011 , Mamidala et al. 2012 ). However, biochemical analysis of bed bugs collected in New York (Yoon et al. 2008 ) and Virginia (Adelman et al. 2011 ) indicated that GSTs activity is not always enhanced, suggesting that bed bug populations differ in their detoxifying resistance mechanisms. Significant levels of synergism by the esterase inhibitor DEF were detected in Jersey City only (SR = 102.3, Table 1 ). Enhanced levels of esterase activity have been documented in pyrethroid-resistant populations of C. lectularius (Adelman et al. 2011 , Zhu et al. 2013 , Romero and Anderson 2016 . Further evidence of the role of esterases in the metabolic resistance mechanisms in bed bugs was provided recently with the development of the EN16/5-1, a specific inhibitor of esterases, that synergized deltamethrin in Australian C. lectularius (Lilly et al. 2016) . Genetic studies also revealed that the esterase-encoding gene, CE21331, was significantly overexpressed in most of the U.S. pyrethroid-resistant bed bug populations (Zhu et al. 2013) , which strongly indicates the importance of esterase-mediated metabolic resistance in bed bugs.
Only a limited insecticide dose-response relationship was observed when TPP and deltamethrin were applied on the dorsal surface of the bug's abdomen. Therefore, we applied the synergist via topical application, whereas exposure to deltamethrin was conducted through a dry residue assay. Some synergists have shown to interfere with the penetration of insecticides through the insect's cuticle, and this could have been the case in our evaluations with TPP. Antagonistic effects of TPP that reduces insecticide toxicity have been shown in the yellow fever mosquito Aedes aegypti (Linnaeus) (Diptera: Culicidae) (Koou et al. 2014 ) and the tobacco budworm Heliothis virescens (Fabricius) (Lepidoptera: Noctuidae) (Martin et al. 1997) , which could limit the utility of some synergists under field conditions. Other synergists such as PBO and DEF have been reported to reduce penetration of insecticides across the cuticle of the German cockroach, Blattella germanica (Linnaeus) (Blattodea: Blattellidae) (Sanchez-Arroyo et al. 2001), but this inhibitory effect was not apparent in the current study with PBO and DEF. Nevertheless, more studies are required to shed light on the mechanism of antagonism of synergists that reduce cuticular penetration of insecticides. In our study, pre-exposure to TPP significantly increased the toxicity of dry residues of deltamethrin in Jersey City only (SR = 9.7; Table 2 ). Therefore, carboxylesterases are also associated with deltamethrin resistance in bed bugs, which is in agreement with reports of overexpression of carboxylesterase-associated genes in populations of bed bugs resistance to pyrethroids (Adelman et al. 2011 , Bai et al. 2011 , Mamidala et al. 2012 . 1,000 10,000 100,000 10 100 1,000 10,000 100,000 10 Fort-Dix Jersey City Cincinnati Fig. 2 . Log dosage versus mortality on probit scale for adult bed bugs exposed to deltamethrin; rectangles are responses from bed bugs pretreated with the synergists DEM or DEF, and circles from bed bugs treated with deltamethrin alone or pretreated with PBO. Synergist alone caused ≤5% mortality. Populations tested were Fort-Dix, a susceptible long-maintained laboratory strain, Jersey City (resistance ratio [RR] = 20,000) and Cincinnati (RR = 3,333), resistant strains to deltamethrin. a Insects were pretreated topically with the synergist (1 µl of a 50 µg/µl solution in acetone) 2 h before were exposed to deltamethrin through the same exposure route. b Total number of insects used (30 males and 30 females). Mortality in all control groups was consistently below 5%, and thus no correction was required. c Hypothesis of equality was estimated between the treatments with synergist and without synergist. The chi-square (χ 2 ) value without '*' indicates a good fitness to the hypothesis test (P > 0.05). d Synergism ratio (SR; LD 50 of insecticide alone/LD 50 of insecticide + synergist) and 95% CLs. The LD 50 without synergist was used as the base data. Values with (*) are considered significant SR (P = 0.05) when the 95% CL does not include 1.0 (Robertson et al. 2007 ). This is the first study that uses multiple synergists to investigate the role of detoxification enzymes in deltamethrin resistance in bed bugs. We did not investigate nonmetabolic resistance mechanisms (kdr, reduced cuticular penetration, etc.) in Jersey City and Cincinnati. Therefore, the contribution of these mechanisms to deltamethrin resistance in these colonies cannot be ruled out. Results indicate that bed bugs detoxify pyrethroids through more than one metabolic route, and the suppression of these mechanisms would require the use of a variety of synergists. This suppression of insecticide resistance with synergists might be only possible when the metabolic pathways inhibited by specific inhibitors play a significant role in insecticide resistance (Wu et al. 2007 ). In German cockroaches, pretreatment with PBO or DEF reduced resistance to deltamethrin, whereas coadministration of PBO and DEF suppressed resistance to the carbamate propoxur (Chai and Lee 2010) . A similar effect might be expected in pyrethroid-resistant populations of the common cattle tick, Rhipicephalus (Boophilus) microplus (Canestrini) (Acari: Ixodidae) (Jamroz et al. 2000) , and C. lectularius (Zhu et al. 2012 ) that expressed high activity of detoxifying enzymes in the absence of target-site insensitivity resistance.
It is worth noting that a systematic use of an insecticide with a synergist blocking one metabolic pathway will most likely select for resistance by another metabolic route (Bernard and Philogène 1993) . Several strategies have been proposed to minimize this problem, including the use of a variety of synergists acting at different locations of the insect's physiology and the use of multifunctional synergists (Roush and Tabashnik 1990, Hardstone et al. 2015) . Recently, the addition of 3-phenoxybenzyl hexanoate, a surrogate substrate for carboxylesterases and P450s, to pyrethroids increased their toxicity in pyrethroid-resistant mosquitoes and in bed bugs (Hardstone et al. 2015) . The generation of this type of synergism is prudent to suppress the selection of additional resistance based on enhanced pyrethroid metabolism. Table 2 . Toxicity of deltamethrin without and with triphenyl phosphate (TPP) to the field-collected strains (Jersey City and Cincinnati) and the susceptible laboratory strain (Fort-Dix).
Strain
Synergist a N b Slope ± SE LC 50 (95% CL; µg active ingredient/cm 2 ) χ 2 (df) Equality c (χ 2 , df) Synergism ratio d (95% CL) Fort-Dix 60 0.41 ± 0.05 0.0007 (0.0004-0.001) 8.6 (3) --TPP 60 0.51 ± 0.05 0.0004 (0.0003-0.0006) 3.3 (3) 2.2 (2) 1.4 (0.7-2.8) Jersey City 60 0.11 ± 0.02 520 (147-6,500) 4.2 (4) --TPP 60 0.11 ± 0.02 54 (15-220) 1.4 (4) 7.7 (2)* 9.7* (1.2-74.5) Cincinnati 60 0.17 ± 0.04 240 (90-840) 1.6 (2) --TPP 60 0.20 ± 0.04 59 (14-130) 3.1 (2) 5.7 (2) 4. 1 (1.1-15.8) a Insects were pretreated with TPP (1 µl of a 50 µg/µl solution in acetone) 2 h before were exposed to dry residues of deltamethrin.
b
Total number of insects used. Mortality in all control groups was consistently below 5%, and thus no correction was required.
c Hypothesis of equality was estimated between the treatments with synergist and without synergist. The chi-square (χ 2 ) value without '*' indicates a good fitness to the hypothesis test (P > 0.05). d Synergism ratio (SR; LD 50 of insecticide alone/LD 50 of insecticide + synergist) and 95% CLs. The LD 50 without synergist was used as the base data. Values with (*) are considered significant SR (P = 0.05) when the 95% CL does not include 1.0 (Robertson et al. 2007 ).
